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GEOCHEMICAL EVOLUTION OF WATERS WITHIN THE NORTH COAST LIMESTONE AQUIFERS OF PUERTO RICO:
A conceptualization based on a flow path in the Barceloneta area By Angel Roma'n-Mas and Roger W. Lee
ABSTRACT
The report provides a preliminary description of the principal geochemical processes that determine the ground-water chemistry along the north coast limestone aquifers of Puerto Rico. Water samples along a ground-water flow path in the Barceloneta area were collected from wells screened in the Montebello Limestone Member of the Cibao Formation (artesian aquifer) and in the overlying Aguada and Aymamon Limestones (water-table aquifer).
The ground-water chemistry changes as water migrates from recharge areas to downgradient zones in the aquifers.
Dissolved magnesium, dissolved sulfate, pH, and carbon-13 isotope generally increase downgradient. Total inorganic carbon and calcium decrease within the freshwater parts of the aquifer. Mass-transfer calculations show that the likely reaction model is carbon dioxide incorporation as water infiltrates through the soil zone, followed by calcite dissolution as water recharges the aquifer. As water moves downgradient within the artesian aquifer, carbon dioxide may degas as a result of calcite precipitation while gypsum and dolomite are dissolved. Within the water- 
INTRODUCTION
The limestones found along the north the most productive aquifers on the island 2 area of about'600 square miles (mi ), ani west coast eastward to Loiza ( fig. 1 Two important aquifers occur within the north coast limestone area:
(1) a water-table aquifer occurring within the Aguada and Aymamon Limestones and alluvial deposits, and (2) a deep, artesian aquifer system occurring within the Lares Limestone and the Montebello Limestone Member of the Cibao Formation ( fig. 2 ). In general, water from both aquifers is suitable for public supply as well as industrial and agricultural uses. 
INTRODUCTION (Continued)
distinct. The data obtained from chemical analyses of water samples were processed using computer programs WATEQF (Plummer and others, 1976) , BALANCE (Parkhurst and others, 1982) and PHREEQE (Parkhurst and others, 1980) . These programs were used to construct mass-transfer and reactionpath models. The models can be used to determine: 
GEOLOGY
The limestone formations of the north coast of Puerto Rico rest unconformably on a faulted and folded volcanic formations (Giusti, 1978, p. 2), predominantly of Cretaceous to early Tertiary age (Monroe, 1980, p. 9) . Above the volcanic base, six limestone formations are recognized. General location of these formations and geologic characteristics are shown in figure 2 and table 1. The total thickness of the limestones exceeds 5,000 feet (ft) at the northern coastline. They dip seaward at about 5 degrees (Giusti, 1976, p. l) , and extend offshore an undetermined distance.
The limestone formations are overlain in different parts of the area by coastal deposits, alluvial deposits, or blanket sands of the Cenozoic age (Monroe, 1976, p. 14 
CLIMATE
The climate of the North Coast Province of Puerto Rico is tropical humid (Wills, 1955, p.72 Giusti (1978, p. 21) .
Areas receiving 70 inches of annual rainfall will yield values of evapotranspiration and pan evaporation of 45 and 60 inches respectively, leaving 10 to 25 inches per year to be discharged by surface and subsurface flow.
GROUND WATER
Water-table Aquifer
A generally productive water- (2) to the aquifer. Limestone (Giusti, 1978) . The steep gradient is also associated with a relatively thin sheet-like flow through the Aguada Limestone, for which the upper part of the Cibao Formation forms a low permeability base.
The gradient gradually flattens out as ground water moves from the Aguada Limestone to the Aymamon Limestone because of the higher hydraulic conductivity of the Aymamon Limestone (Giusti and Bennett, 1976, p. 13) .
Artesian Aquifer
Artesian conditions within the north coast limestone area were reported by drillers in 1968. Artesian heads were first encountered in the Montebello Limestone Member of the Cibao Formation at a depth of about 1,200 feet; artesian pressure was also detected in the Lares Limestone at a depth of about 1,600 feet (Giusti and Bennett, 1976, p. 17) . At present, the hydraulic connection between the two formations is not well defined.
Recharge to the artesian aquifers occurs almost entirely within the outcrop areas. This water has, through geologic time, replaced the salty connate water which originally occupied the limestones. The recharging freshwater has progressed downdip and occurs under artesian conditions near the coast. Wells that tap the artesian aquifers are capable of producing as much as 1,900 gal/min. In 1968, the piezometric head in the artesian system in the Barceloneta area was about 500 feet above mean sea level.
Since then the artesian aquifer has undergone extensive development. As a consequence, piezometric heads have dropped to 300 feet above mean sea level. The principal hydraulic characteristics of each geologic unit occurring under artesian conditions are summarized on Assuming that values of hydraulic conductivity discharge from artesian zones will occur (Giusti, 1978, p. 27) . If the hydraulic or with statigraphic depth, head would shore than 18 miles, and an upward discharg over a large area through the confining beds
SURFACE WATER
traversed The north coast limestone area is ( fig. 1 ), which generally cross the area in whose headwaters are found in the volcanic relationship of surface water and groundthe ground-water chemistry of those areas river recharge occurs. There is a striking difference in the hydrologic relation between ground water and surface water in the eastern part of the area as compared to the western part, as the streams proceed from volcanic to limestone rocks.
Rivers east of Arecibo (Rio Grande de Arecibo, Rio
Grande de Manati, and Rio Cibuco), tend to lose flow to the adjoining alluvium and Aymamon Limestone. Rivers west of Arecibo (Rio Guajataca, Rio Camuy, and Rio Tanama) show consistent gains, as they act as drains for the water-table aquifer within that part of the study area.
GEOCHEMISTRY
Rock -Rainfall -Soil
The mineral content of the north coast limestones was studied in detail by Monroe (1980, p. 18, 32, 47, 54, 60) . Calcite 
Rock -Rainfall -Soil ((Continued)
Calcite in pure water hydrolyzes according to the following reactions (Krauskopf, 1967 pp. 51-54) :
(1) CaC03 -I-H2 0 = Ca 2+ + HCO.
The equilibrium constant for this reaction
At equilibrium the solution acquires a pH :
At this pH, the HCO-will dissociate: The carbonic acid content of rainwater is capable of dissolving as much as 3.5 times more calcium carbonate than the hydrolysis reaction in pure water (Krauskopf, 1979, p. 51-5A) . The carbonic acid present in rainwater gives it the capacity to dissolve the carbonate rocks.
The equilibrium position in equation (A) is determined by the CC« partial pressure.
Before rainwater reaches the ground-water system it passes through the soil zone. Biological processes within the soil zone may generate relatively large amounts of acid while consuming the available dissolved oxygen in the infiltrated water.
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GEOCHEMISTRY (Continued)
Rock -Rainfall -Soil H2C°3*
(Continued)
Geochemically, the most important acid produced in the soil zone is
The necessary CO,, for the production of carbonic acid, is __ Znf generated by the decay of organic mattor and by respiration of plant roots.
(5) 2 ( ) + CH2°T he partial pressure of CO (PCO ) in the '2 v 2 than that of the earth's atmosphere. Values of PC02 in wet soils can be as high as 10~°* 7 atm (Monroe, 1976, p. 17) . Miotke (1973, p. 4 
Water-Quality Trends
The Barceloneta area was selected for to conceptualize the geochemistry because 13 The values for carbon-13 isotope (6 C) were observed to become heavier (less negative) downgradient for flow path 1, 2, (table 4). In flow path 4, however, the water at the downgradient sampling site 13 contains slightly lighter 6 C compared to the upgradient sampling site. 13 The observed changes in 6 C within these flow paths, are so small that it is not possible to infer anything about which process dominates the inorganic carbon chemistry of the systems represented by these flow paths. Plow path 3, which is a vertical model, does show a substantial 13 increase in 6 C (table 4) (becomes heavier), suggesting that the dissolution of carbonates minerals dominates the inorganic carbon chemistry along this flow path.
It was assumed that rainfall flows through the soil zone before it recharges the aquifer, reaching 13 equilibrium with the soil atmoshpere CCL where the 6 C is typically about -20 parts per thousand (o/oo) (Drever, J.I., 1982, p. 345) . * Assumed 6 C value for rainfall before it recharges the aquifer and at equilibrium with soil atmosphere CO-partial pressure. 
Saturation Indices
Saturation indices (SI) for a large number of minerals were determined from the chemical analyses and field-measured values for temperature, pH, and bicarbonate. Computer program WATEQF (Plummer, and others, 1976) , was used for calculating saturation indices (table 5) .
The saturation index is expressed as:
where: lap = ionic activity product, and K(T) = mineral solubility product at the specified temperature, when SI > 0, the solution is supersaturated with respect to the mineral; SI = 0, the solution is saturated with respect to the mineral; and SI < 0, the solution is undersaturated with respect to the mineral.
Within the aquifers studied, calcite, dolomite, and gypsum were considered to be the most important. The waters samples were saturated or slightly supersaturated with respect to calcite; however, water at La Pollera well was slightly undersaturated (table 5) . These saturation states with respect to calcite are typical for limestone environments such as those encountered on the north coast of Puerto Rico. The data also suggest that the saturation point of calcite is reached rapidly downgradient and that calcite precipitation may occur. Calcite dissolution may not occur unless water such as rainfall, which is unsaturated with respect to calcite, reaches the flow path during ground water recharge. All water samples were undersaturated with respect to dolomite (CaMg(CO~)~) and gypsum (CaSO,.2H~0), revealing a propensity for ground waters to dissolve dolomite and gypsum as these minerals are encountered.
MASS-TRANSFER MODELS
The 
MASS-TRANSFER MODELS (Continued)
Mass Transfer for Flo
From rainfall to La Pollera Well Marquez, 1975, p. 7) were used as mixing based on chloride and sodium balance, the rainfall and 2 percent seawater (table 7) trations of calcium, magnesium, and sul higher than those from the mix. The calc the final water composition are supplied dolomite, and gypsum (table 7) . 
